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In attempting to produce superconducting wire of the nicbium sheath Nbh.Sn core type,
it hegame apparent that results were gen unpredictable. Metallographic examiostion
showed that sizeh materisls are heterogeneons snd contain a number of intermadiste phages.
Detailed metsllographie atudies were made on difusion 2ones in which tin hed been allowed
to react with porons niobinm bloeks, with fuged niobium red, and with oiobium wires, snd
on & number of reacted powder mixiaras.

The phases produced wern identified by anodizing to cheraeferbtic colors and by misro-
gpot Anelysis, supplemented by some hot-sbage microscope snd thermal analysis teats. On
the basis of theso obaeryatjions, o tentative revised diagram jo offered fo illustrate the typea
of reactions which oscur in the pyetem.

The preswmably desired plase, Nh.3n, is found to Ne batween the more easily formed
pherea NhBn and NbiBm, which are ptable to temperatures well above the peritectold
decomposition of the NhaiSn. At lower temperatures the compoand Nbe3n is formed. It
im indicated thist the high-temperature treatment to react niohiom and tin should be Fellowed

either by very slow cooling or by Bn anneal In the 600 to 700 *C range {0 form WhBo.

1. Introdnction

When the reaults from the inilial investigations of
the superconducting properties of the niobium-tin
alloy “NbSn" wers first dizclosed, the Chemical
Metallurgy Section was requested by the NBS Cryo-
genic Engineering Laboratory at Boulder, Colo., to
produce some of this material. Thiz was accom-
plished in a manner subsequently revealed in the in-
itial report of Kunzler et al, [1]! concerning the
properties of thismaterial. The cutstanding perform-
anee of this NBS-produced wire was disnloaef by Arp,
Kropachot, and Wilson [2].

Although the original objective had been the
attamment of an alloy, or rather sn intermetallic
compound of “F-Tungsten™ structure, having the
composition NbySn, the actual result of the processing
of the material was shown by preliminary metallur-

ical investigations to be something quite different.
he fact that the alloyes prepared by any of several
methods consisted of from fonr to six or seven differ-
ent metallurgical constituents has been known and
F&rivat.ely reporfed by this and other metallurgical
boratoriea.

This disclosure has profound significance in several
areas. [t must be recognized that wa have not been
dealing with » directly formed homopeneous ma-
temal.  Also, il it is cortect to assume that only the
Nbs3n phase has the desired supcrconducting prop-
erties, & minimum requirement i= to achieve &
continuity of this phase throughout the length of
the conductor. A simplified “filament’” or “thread"
hypothesis, which taeitly assumes that when the
resistivity 13 gero an infimitcly small conducting path

! Plgures in brackels indicate the teraturs rmierences 8¢ the end of this paper,

can carry an infinitely large current, is not sufficient
to charncterize & practical enperconduetor; it does
not take into account the econcept of “guality,”
whereby one specimen can carTy more current, or
resiat a hj%her magnetic field, than can another
specimen of the same size. Nevertheless, one can
presume that any superconducting alloy wire does
not necessatily need to be homoganeous, but does st
len=t requirs one or more continucus paths of the
desired snperconducting constituent throughout the
length of the conductor.

nitially, the superconductor, NlySn, was prepared
by Matthias [3] who described its electrical proper-
tica. At n later date, Kunzler [1] arrived at several
modes of Nb—8n allay preparations snd treatments.
However, the metallurgiat realized, from previcus
experience with other systems, that freatment of
piobium, with its extremely high melting point, and
of tin, with its extremely low melting point, at
temperatures [ar from the melting point of either
could only result in extreme heterogeneity.

Experience in other laboratories had shown that,
not, infrequently, wires produced in the manner sug-
gested by Kunszler failed to show the desired super-
conducting properties. As a consequence of all of
thesa factors, it became ovident that the physical
metallurgy of thiz alloy formation would need to be
carefully investigated if the process were to be
adequately controlled. Pravious to the intétest in
ita superconducting propertics, this alloy syatem had
raceived but little metallurgical atiention. A eon-
stitutional disgram of the binary Nb—=8n system
was proposed by Savitskii et al. [4], figure 1. The
only constituent shown, other than the terminsl
phazes of the component metals, is the intermatallie
componnd NbSr, which is indicatad az having heen
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Figore 1. Constitolion diggram of the niobfum-ifn speicm

agevordmg bo Savitekii of al., [4].

formed by a peritectic resetion near 2000 *C. Theae
authora detacted o resection horizontal near 730 “C
which they attribute to the presence of 5 monotectic
between two tin-rich liquids.

The Savitskii dia i# certainly not compatible
with the large number of phases which have been
obaervad by microexamination of the allox wires.
Thus, the systern must be further studied in order to
idenfify positively the various phases and to cstahlish
the conditions for their formation.

2. Experimental Pracedure

Rather than endeavoring to use the extremely fine
wites prepored for superconducting experiments as
subjects of metallurgical study, it was decided to use
massive specimens. Dhffusion studies wore oom-
ducted unsing semi-sintered burs wade from rather
coarsegrained niobium powder? These were par-
tially immersed in baths of molten tin for periods of
from 4 to 400 hr at temperatures ranging from 700
to 1,200 °C. Also, in each hath was placed »
gpecimen of 1/4-in.-distn wrought eclectron-beam
malted niobium ?

The choice of the porous niobimm bar was for-
tuitous because it provided two simultaneocus ex-
periments. First, by capillary sction the molten
tin was drawn up to fill all of the interstices in the
niobivm ; thus the upper part of the har represented
conditions in the systermn where the amount of tin
was limited. Second, the bottom of the specimen
and the surfaces of both the porous bar and the
wrought rod represented the tin-rich side of the

L upc] et ek ol Indicetad the following im by elemwnia:
U.I]I-IJ.I‘}&.?:. Bl D.001-00L%, Al Ca, Or, Cu, Mg, NI; Tess mnp"idw% Ax, B,

Mun, Ph, F{, Ta, T1,
'f\‘Ed spectrochiemics] snalysks indicated the following impurity elemenis:
_t_[l‘jllill-g.lﬁ nomey (MA-0.00% {L. Fa, Mg, Bl legs than D019, Ag, E, Ca, O,
y L

aystemn. In addition to thesa diffusion specinens,
other specimens were prepared by compressing and
sintering mixed powders and by fusion of the com-
Eﬂnenm. AN of the resulting structures wets
ateTopeneona. '

The metallographic study of these materials was
greatly facilitated by the use of ancdic oxidation
techmques suggested by Dr. M. L. Picklesimer of
the ORNL. This pracedure is an adaptation of a
method first used for the study of zirconium hydrides
{5). Application of thia technigue imparta distitic-
tive colors to the various micreconstititents. These
colors are uniform for each constituent for & single
specimen and anodizing condition, but can be varied
considerably by changes in the anodizing conditions.
To prevent confusion in phase identification, the
anodizing must be &ccur&tﬁy controlled.

To eliminate polemic discussion hetween different
ohservera axamining the same or different micro-
sections, it waz decided to standardize the anodize-
tion of the present group of specimens g0 that niohiom
metel assumes a “Light Beryl Blue" coloration.
To avoid use of mu.ltip%e names for similar colors, it
was_agreed that the colors obtained under these
conditions best match the colors in the Maerz and
Paul Dictivnary of Color {6] as follows:

Nb Light Bervl Blue Plate 33, E-1
Nhb&n Calrmins Rlue Plate 33, J-2
NbylHn Orient Flate 36, D-11
NS Furple Aster Plate 43, J-7
NbSing Burnt Sicuna Plate 5 F-12
fn Chrotne Leman Flate &, K-2
Tmpyrity Wistarie FPlate 41, E-&

In order to verify the chemical compositions of the
ohaerved phases, numerous areas were sebhjected to
microspot analysis on the NBS electron probe, a
descrption of which is currently in preparation [7].

A pumber of the microstructures resulting from
the reaction of powder mixtures of known composi-
tion are the subject of a concurrent quantitative
metallographic analysie by means of a digital com-

uter. These methods have recently been outlined
¥ Moore, Wyman, and Joseph [8]. In this current
work, color zeparation prints, showing each phase
geparately, are made from color photomicrographbs,
or alternataly from color separation negatives made
directly on the microscope. KEach phase separation
rint i then scanned into the computer and analyzed
or the total amount of that particular phase, the
contingity or connectivity of the phase, and the mean
free path for linear motion within the phase wreas.
Dataile of this effort will he deecribed in another
report. Svme preliminary results of this quantita-
tive metallegraphic study have heen drawn upon in
estimating the probablo position of so1ne of the phase
houndaries indicated in this paper.

It may be of interest to note here that one sach
analysis was made on & color micrograph, furnished
by Dr. Picklesimer, representing a selected "'bad”
gaction of & commercial Nb sheathed “Nb,Sn”
powder process wire. This section had been given
s Iunimal reaction treatient prior to showing poor
electrical properties, hut other sections of the same
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wire, aflven a more completa reagtion, showed g
normal superconducting quality. The “bad” nrea
was found to contain 70 volume percent of the NhySn

hase, of which at least 9% percent is interconnected

¥ One 0F more cirewitous paths, at least within the
area of the micrograph. Ii{owever, the mean {ree
path within the N%.:Sn phase, ip a direction parallel
to tha axis of the wire, is only 0.027 mm. These
resulta appear to indicatc that the existence of a
threadlike continuous path of convoluted shape is not
in itsclf sufliciant to guarantes uselul superconducting
Eroperties; it wuulﬂather appear highly desirable
to obtain wires 20 pmees&ecr ag to maximize tha
E;‘u oriion of Nb;Sn i the structure and produce a

igh level of simple linear connectivity between the
particles of this phase.

3. Results

Due to the faet that these initial experiments were
couducted for the purpose of simulating thermal
treatments which had previously preduced pood
superconductor wirc, the subsequent observations
must be gonsidered from this viewpoint, that is, as
but preliminary results,

The diffusion studies bave shown that the nio-
bium-rich eide of the aystem quite readily forme the
intermetellic compound NbSo, wheress the tin-
rich side of the system forms the compound Nb.Sn,.

Between these two compounds, ona finds the cam-
pounds Nb,Sn and Nb.Sn,  Additionally, there i= &
eutectic between ND,Sn, and the Sn-rich terminal
ghase oceuring at about 215 “C and near 83 parcent!

m.

3.1. Nature of the Nb,5n Phase

Freliminary studies of the malting of a specimen
reviously identified as consisting predominantly of
bin revealed partial fusion at 1,950+50 °C
85 determined with an opticel pyrometer. Due to
thermal pradients in the specimen, some portions

ATl percentages It this prper sre alomio percentages.

were probably somcwhat hotter, and in such an
ares subsequent microscople examination revealed
dendritic struetyre interspersed with wmsll smounts
of eutectic structure (fig. 5).

These obzervutions lead to the conclusion that the
compound NbBSn melts congruently near 2,050 °C
aud that it forms s eutectic with the niobium ter-
minal solid solution; the eutectic ecomposition
presumably is located near to that of the compound.

2.2, Electron-Probs Micrcanalyzrer Measutrements

The identification of the phases in the system was
carried out primnrilg with the NBS electron-probe.
After the specitnens had been subjected to the anodie
oxidation technique, the composition of each “color”
wag determined. The resilts ara listed in table 1.
Column 3 shows the actusl probe results and ther
a.Eer &, while column 4 shows the phase assigned to
the color,

3.3. Metallographic Evidence for a Continuous
Kh;Sn Filament

In general, when a nichium bock i& immersed in
molten tin and then slowly cooled from above 700 *C
the surface becomes converted to Nb,Sn, which grad-
ually snd unifonnly penetrates the block, As the
process continues, there is an irregolar outward
growth into the Sn. Upon cooling, the tin-rich
areas of this zone transform to Nby30.  Additionally,
the tips of the fingerlike NbySn ateas show the
Nh.Sn; phases growing crystals into the molten tin.
Also, discrete crystals of NbySn, ean be olserved
dizpersed in the last areas to freeze.

If & continuows “filument” of NbSn i3 egzential
for superconductivity, conditions for its proper for-
mation must be such that there are enough niobium
particles in the mass to permit their surfaces to
react, forming Nb,3n, and that these surface layors
must form mutusl contast in order to attain con-
tinuity throughout o wire length.

TavLE 1. Reenlls obiained by means of electron-probs microanalysie

Trostment Colar anstyzad Ritulty {etombl peront B} Fhase
Hobroak LA S0 WQ - e CAlnmine Bl e e ecana | BB IS 194 BLOAY BLO o Nby3n
Impaelty o] 0[BT Atomie pereomt B diiiene | Ninld (7}
Bhrok 120 *04+E.0, e cvrrarenanan LEaFLLLE] T O, 39.0; B, isAv ESA
. Bbroat 1000 *C48.0. (wite o tube’ | Ofshore needies in Ba (g D | .. iiemieeeers Nhsn
Beaehlon fiyho beld et $00 %040, omb- | Oslotiloe bloe foetrix).. co...| 70; 252 M4 155 A 208 .. _...| Nb#n
ol W% 5.
32 Broak 8 "O4-3.0 . e L 1 M MR IATHE --| Nba&n
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The interiors of many of the porous bars were
replete with examples of this action. However, the
st striking example was on# in which the periphery
of & Y-in -diam rod specimen became united with
the Hat surface of 4 porous bar during a 16 hr treat-
ment at 1,200 °C, with subsequent furnace cooling.
In thie specimen the tangential interface was mainly
NbySn, with thin layers of underlying NbSn on
ench of the niobivm bodies {fig. 6. Progressing
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away [rom the tangent area inte the “¥'s” showing
remaining Sn, the layers on each nicbium piece
retained both the Nb.Sn and Nb,Sn and nl=o revealed
Nh:5n; needles forming on the NbySn snd growing
into the Sn.

2.4. Reaction of Nickium Wiraes in a Bath of Tin at
1,000 °C

In another set of cxperiments, small niocbium wires
were thresded into a ¥-in.-LI}. niobium tube and
the tube then filled with Sn. These spceimens were
treated for periods of 4, 8, 16, and 32 hr at 1,000 °C,
the latter being wuter gquenched, wnd the others
ful:f‘lfme cﬁu]efi. - . od

16 alleying in these specimens progre in
guite the sane manner a3 that previcusly described.
In additien, the Nb,Sn “grew’ out beyond thae limits
of the original niochium wire area and In turn de-
veloped the NbySn and Kb Sng layers (fig. 7).

The 32-hy water quenched specimen revesled o
eompletely new condition becavse from 43 wires
originally within the tube, there remained but ona
very small speck of niobium surrounded by a few
islands of Nh,5n.

Rough measurcments were made of the progress
of the resction layers in this semes of treatments,
the results being shown grapbicslly in figure 2.
Similar messuraments of resction depths on the
interior of the niobium tube are shown in figure 2,
The extent of the NbsS0o layer could not be measured
due to the quite irregular nature of the surface.
However, this phaso was observed t¢ be present in
the 4-, 5-, and 18-hr speclmens &2 & narow gene of
veriable thickness lying between the overlying
Nh,3n, cryatals and the undelying Kb,Sn.

This wires-in-tvbhe experiment points out the
possibility of a new means of fabricsting tha Nb-Sn
complex in such manner ag to more completely insure
a continuity of tha Nb;5n phasa throughout the
entira lengrth of the ware.

3.5, Diffusion Studies

Tha diffusion specimen which was water quenched
after 32 hr at 1,200 °C {fg. 9 showed quite large
amounts of NhSn in the reaction zomes, togethar
with infrequent erystal tips of NbSn,, but no
NheSn or NbsSn.  In conteast to this, the furnace
cooled epecimen Liad & reaction zone predeminantly
Nh:8n with frequent N'b,8n, tips (fig. 8).

In most of the slow-cooled specimens from the
initial 700 te 1,200 *C diffusion series there was a
distinet but very narrow band of precipitata in tha
tin at a shorl distanee from the Nb-Sn reaction
surface. At the higher treatment temperntures,
distinet needles were ohsarved in this band. From
their position, these needles were at firat expacted
to ba a high tin phase, but they were subsequently
identifled by color cotuparizon in normel and in

larizad light, and by electron probe analysis, as

eing composed of NbSn {fig. 10).

Provioy: mention was made of the observation

that the water-quenched wire-intube specimen
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treated 32 hr at 1,000 °C revealed only a trace of
niobinm topether with smsll particles of Nb.Sn.
No Nby3n wae in evidence. SBimilarly, in the diflu-
gion series held at 1,000 °C, the 4-, 8-, and 16-hr
slow-cocled spocimens displayed islands of NbySn
and a hit of WhsSn, in the Nh3n bands (fig. 8).

After studying the microzections from the various
diffugion experiments, the fact became evident chat
tha Nby3n phase cen form gquite readily from the
Nb,5n phase on slow cocling. Quenched epecimens
retain coly the Nh,Sn.

As compared with the long diffusion tinies required
to convert niobium particles or wites to Nb,Sn, the
conversion of Nh,3n to NbysSn appears to proceed
too rapidly to allow the diffusion of an additional
5 percent of tin into the convertad sreas. Such a
difference might be cxpected if the KhSn phase
diszolves excess tin, and thus approaches the ﬁbaﬁn
composition.

Evidence of width for the NbSn phase wus
ohtained by making electron-probe traverses across
Nb,5n arens on n specimen guenched from 1,200 *C.
The analytical values so obtnined indicated acompoai-
tion gradient of about 6 percent within the n
areas, ‘This would place the tentative lirmits of the
Nb,Sn phase region at 17 and 23 percent at 1,200 °C',
and confirm that onoly a small amount of additional
tin is Tequired [or cenversion to the NL,Sn phase.

3.6. Thermal Anclysis

A specimen of nominal “Nby3n;"” composition was
subjected to thermmal analysis (direct time versus
temperaturz). This powder mixture had been
pressed at 15) °C and 100,000 psi prior to loading
wnto the Iurhace. The sample gave reproducible
thermal armests on three separate but continuous
hesting and ecoling runs at 3 *Cfmin.  Two thermul
arresta on cooling occurred at 922 £5 *C and at
863 +5 °C and were ensily detecied from the tem-
F-emt.um recording, The sample was later ﬂ)mpnred
or metallographic obzervation and it exhibited tho
Nb, NbSn, I‘ﬁ}aﬂn, Nb;Sn, phases in an excess of
8n (figs. 11, 12).

Additional thermal analyses were run on pressed
pellets of “Nb;Sn’”* composition, bmt, in general,
N strong arrests were noted. owever, in ong in-
stance in which the sample was heing held at a
stendy tlempecature nenr 1,150 °C, the furnace
winding burned out and censequently the apecimen
cooled more quickly than the wsiaal raie. During
this eocling, the temperature record showed a definite
arrest at 743 °C.

TABLE 2. Results of thermal analyaia

Sample Coolin g rata Acrrest TeBperaiph:
Conpressed "NhBng" mixkore .. 3 *C¥mio .. ‘B:’lz;r_“ﬂ g 0
) W | mET
Compressad Y NbEn" mlztane. ... ... 4 7fmio...... T4

The thermal analysis date have been interpreted
to assign the 863 ° ! temperature as the periteclic
temperature of the N 3 compound and the
922 °C temperatnce as the liquidus for this composi-

tion. The 743 °C arrest on a quick cool is probably
near the peritectord temperature of the Nh,Sn
componnd. The results are shown in table 2.

3.7, High-Temperature Metallography

In a further attempt to reveal the reactions occur-
ring in this system, a& microsection containing a
wide vemn of Fbi.ﬁn@ with stde veins of Nh,Sn and
NbsSn was removed [rom the diffusion epecimen
treated for 200 hr at 700 °C. Thia section was
mounted in the high-temperature stage of a metal-
lurgical microscope in & purified argon atmosphere
and kept under ohservation during & 3-hr heating
ta¢ an indicated 930 20,

No significant changes were observed wp to 450
*C. However, from this temperature up to 693 °C
there were grain-hound changes in the NbBn,,
and some ehangea in the Nb,3n and NbsS3n side veins.
At 693 *C the narrow band (NbySn3+Nb,Sn) between
the NhSn; and the niohium appeared to be more
clearly defined and slightly wider. Between 603
and 735 °C a new phase believed to he Nb,Sn had
made ite appearance at the Nb—Nb;Sn, interface
and had grown elightly inte both phases. During
the course of the heating, the nobleanetal thermo-
coupile, loeated adjacent to the specimen, indicated a
brief arrest at 863 °C. As heating continued, this
new phase grew until, at 930 °C, it hed gradunlly
coverad the entire field of view.

At this point, the specimen was given a “gas-
quench,” resulting in a fairly rapid drop iIn tempera-
ture, probably of the order of 400 °C the first minute.

Micmsmpw examination of the apecimnen after
removal from the furnace failed to provide further
information, due to surface roughness. Also, the
vsual anodizing procedure failed to give response,
As a consequence, the specimen was remounted, very
lightly repolished, and then snodized. The atrue-
ture then revealed a mixture of NbSn and Nbs3n
scattered through the niocbium grains, with the orig-
inal vain of eolid NbSp; terminating as a hearily
voided srea of dendritic appearance.

3.8, General Nature of the System

During the course of these investigations, several
genaralities have evolved which indicate the type of
syatem under study, s well s some of the difficulties
to be a.ntiﬁi]ia.ted in finally determining the facts
concerning  the eeveral reactions and their rates.
For example, there ia considerable evidence that the
formation of NbBn, Nb,%n, and NhSn, is s function
of the rate of cooling from temperatures sbhove the
decomposition temperatures for these eompounds,
AB a wnsec}uence it iz essentinl to the controlled
formation of NbySn that the charseteriatice of the
decomposition reactions be determined,

In this connection, accumulated observations made
during the course of these investigations give some
indications as to the nature of these reactions. Thus,
the unexpected and repested observance of three or
four pheses after long-term thermal treatments
clearly reveals the sluggishness of some of these
reactions, Furthermore, this offers a significant
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reason for the obeervation that the reaction horizon-
talz are difficult to detect by thermal analyzis.

The original serics of diffusion experitnents revealed
limited ranges of stability for NbySn,, NbSn, and
NbSn. The Nh.Sn, phase, appearing as a band
at the reaction interface, iz much more abundant at
700 °C than at higher temperatures. In the range
from 750 to 900 °C' thiz layer becomes thinner and
discontinuounz. In slowly cooled zpecimena from the
higher temperaturesz, Nb.Sn; is usually found only at
the tips of Nby5n protuberances extending into tha
tin-rich liquid, er in pockets where tin has . heen
teapped between niobium particles. These struc-
tures can be explained if N]i)zSn; decomposes ther-
mally at some temperature below 900 °C, and if, at
lower temperatures, it reacts with nicbium or NhoSo
to wield NgegSn and NbySn.

The NbSn phase, in turn, while generally present
in significant amounts in the reaction layers of slowly
cooled specimens, was cssentially absent from all of
the quenched specimens. Specimens which orig-
inally contsined identified NbySn, including & special
powder mixture prfﬁared for this purpose, contained
extensive areas of NbySn after hesting to tempera-
tures as high a3 1,000 *C and quenching from 800 *C
or higher. Thess observations appenr to contain
numerows contradietions and leave the troe decom-
position temperature of Nb,Sn most uncertain.

3.9, Reacted Stoichiometric Mixtures of Niobium
and Tin

In an effort to fix more firmly the position of the
lines defining the interactiona of Nby3n, Nbybn,
NbSn, and NbgSns;, a series of specimens of ac-
curately predetermined composition were prepared
for guantitativa mectallographic measurement by
the digital eomputer [8]. Mixtures of niobium and
tin powders, covering the Tange from 10 to 60 percent
tin, were hot preszed into pellets and then pressed
into nicbium tubss. The mixztures were reacted at
1,000 °C, cooled to low temperatures to establish a
new equilibrium, and then water quenched. Fre-
liminary examinations of these seriez may be sum-
marized ag follows:

Specimens water %enched from 1,000 °C con-
tained enly niobium, NbbSn, and & quenched liquid,
not Nh,5n, erystals. The quenched liquid, by o
preliminary material balavce, appears to lie closer
to 50 than to 60 percent Sn.

Specimena quenched from 800 °C were originally
similar to the 1,000 *C specimens, with a few very
small particles of Nhy3n mixed in with the particles
of high tin materin]. Critical examination of the
specimen containing &0 percent tin, made some
weeks after quenching, showed large nmounts of
Nkb;Sn;, which apparently was etable at 800 (.
In the lower tin ranges, residual particles of NbeSn,
or quenched liquid apparently had reacted with
Nb.Sn and niobium to form additional particles of
NbsSn.

Specimens ﬂuenched after 21 hr at 700 °C all
showed considerable amounts of NbSn, which,
however, had not yet replaced NbSn as the con-

tinuous phase. Thus these specimens were reacted
bedpw the decomposition tempersture of NhySn, but
as the renction was proceeding slowly, it may be
presumad that 700 °C ia only slightly helow thiz
critical tempearature.

Specimens slowly cooled after 18 hr wt 600 °C
ghowed both NbySn and Nb,Sn in a mateix of NbSn.
There ware also a few particles of unreseted niobium.
The identity of the 13 n phase wos eonfirmed in
this group of specimens by means of the alectron-
probe microsnalyzer. These results are summarnized

m tabla 3.
TarLE &, Phares obgereed in reccied powder mirtures
Mixturea pressod, veacted st 1,000 ©O, and finl=hed by fipa]l reaction Jisted
Flne! Leastment Nt Hty%n | HbySn | HbeBn | NikSn:
gt
Qu
Teomp, | Cooled | I oe | O, Hoe | Orlent | Aztrr | Rlenna
o
1AM . . wg + +4 LH - - +
ROO_.____. w + ++ 4] - + -
... 1 + + tr : — + —
i |- T ] -+ -+ +4 - tr -
i | B 3 + =+ =+ - + -
can ... g% + =+ + + tr —
... £, + + + + + -
{1) Bimgle smull ploces of 2 thermal Analysld Spenlmen at J05; b, 29 So,
watar quenched. Al othars ace summetion of ohaormaklons mﬁmms[tlum.
{h} Bome 3 near $5% B, showasd A lew amall apais

of Mindn when drsg rtf:"r-:lhbd. Ower savernl weeks, addltlcnal particles of
qu%.grew at the intartaces botween NbyFo sod NS,

+ Indicates presance,
4+ Indiates prrsee it Boge aamanng.

tr [ndieates trace,

— Indlcstes abeenca.

Thus, the decomposition temperatnre of NhoSn,
lies between 800 and 1,000 °C, and must of necessity
be of the peritectic form, while the decomposition
of the degived Nby%n phasze Hes helow 800 °C and
can be associsted with earlier evidencea of changes
near 730 ®C. The reaction ohserved m this tem-
perature range is now seeh to be due to the ﬁeﬁten—
told decompozition of NbySn into NbSn and Nb,Sn,,
and not to a monotectic ai higher tin composition
ag originally presumed by Bavitskii et al.

Ome additionsl obaervation on the pressed powder
specimens is significant to the preseni discussion.

ter the specimens qiieiched from 800 °C had been
atored for some wocks, all of the residual niobium
particles could be zeen to contain & barely resolvable
Widmanstatten structure covering all of the cantral
areas and extending to within a short distance
{(around 0.002 mm} from the surface (which is
E;Eﬂe.mlly in contact with NbSn). This stmeture
indicates that Saviteldi's estimate of relatively
extensive tin solubility in the tertninal niobium phase
should be nceepted for the high-temperature ranga.
However, the aolubility limit muost retreat at lower
temperatures in the manner of a typiesl precipitation
hardeningr solation.

3.10. Friability in the Obsarved Intormetallic Phases

The hardness values for the three identifiable
compourils bave not as yet been determined. How-
evar, it was initially recognized by the early axperi-
menters with NbSn that this compound was
extremely brittle[l]. In {fact, this brittleness is
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highly detrimental to the processing of the wire
inte magnet windings because the slighteat bendling
of u heat-treanted wire will fracture the supercom-
ducting cora.  As n consequehce, heat treatinent
mus! follow the coil ferming.

Metallographic examination fully confirms this
oceurrence for it may be noted that areas of NbySn
frequently abound with cracks. In addition to
this, it was also notad that too much haste in apaci-
meh grinding resulted in the chipping out of Nby5a
ATeHda.

The NhbSn; phase exhibits & rather unusual
frigbility. This phase is uswally observed to form
by cutward growth into aress of the So-rich pbass.
In nddition, individual erystals may be found in
the 50, adjacent to a reaction interface. The unusual
leature to be noted is that both the *‘growing™
crystals and the “free” crystals usually display
severe cracking.

In contrast to thess obasrvations, the NbSn
phuasge does not exhibit eracking, nor doea it readily
chip out during metallographic specimen preparation,

3.11. Impurity In¢lusion in the Porous Niobium Bar

In addition o the phases so far identified, zeveral
of tha diffusion ecuples have shown, in the porous
niobiim bar only, a strenmerlike structure. These
strepmers apposr a3 8 wistann color {fig. 9) when
subjected to the ancdie oxidation techmigue,

An attempt te determine the eomposition of
these streamers was made by means of the elastron-
proba, The results showed that they contuined no
tin and about 60 te 70 percent Nb, on these
data, it s falt that the streamers are axtraneons to
the hina svatermn  NbSn, Furthertnore, the
wrought electron-heanm melted niobinvm rod never
showed those streamers or a phase of 2 color approx-
imating wistaria. It ia sugpeated that the pmgahle
identity of the streamers may be NbH.

Ar the reault of the investigationa of the Nh-Bn
hinary ayastem thue far conducted, the eovidence
clearly shows that the prior constitutionsl diagram
is mogt incomplete. The tentative diagrem shown
in ficure 4 is offered in itz place as indicating the
galient features of the system as shown by the in-
vestigations earried out to data.

4. Discussion

The present investigations have revesled several
fagtors which are pertinent to any attempt to
understand the physical metallurgy of the composits
Nb—“Nh,8n"” wires which have displayed such
outatanding ﬁu][)er{:unducting propertizs. Further-
maore, the complete story of the physical metallargy
is emaentizl to the process metallurgist in order that
he may best fabmcate thizs materinl, and to the
physicist as & basis for further theoretical studies of
superconductiviby.
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Nickium and tin reset quite readily to form
NbSn at temperatures far below the melting point
of the compound. Om tle other hand, praciical
experience hag shown that the direct formation of
the compound NbySn either by diffusion of tin into
solid nwobiutn or by fusion of the components,
seldom meets wilth mataerial snccess.

In diffusion experitnents near 300 °C, NhSn,
appears to form quite readily in layers st the Nby
5n—35n interface, with crystale of NbySn, growin
out inta the tin and oecasionally becotning detached.,
By contrast, tha Nh,5n pliasa appanrs only as much
thinner layers und iz usually dizcontinuous.

This configuration cun be expected when one renl-
jzes that the NbySn phase itself is not stable in this
ternperatara range, and hence that the observed
layer is found, on cooling, only in those sreas whera
the composition is very close to 25 percent tin.

The extent of the areas which ecan transform
direcily to NhSn on cooling can be increased by
control of the configuration of the niohium particles
and of the degree to which the renction with tin is
allowed to progress, Thiz control must prevent
either excessive reaction with tin, which will produce
renction layers predominantly of Nhﬁn,, or excessive
reaction of niobium, which will produce mainl
NbSn. A diffusion reaction at or helow 70O %
should avoid these undesirable reactions, but proba-
bly would require a very much longer reaction time
than would be acceptabla.

The problem of preducing a homogencous core of
NbySn, either by fusion metheds or by ecomplete
interaction of niobium and tin powders, involves
firat forming a mixture of Nb3no and Nb,Sn,, fol-
lowed by a peritectoid reaction between these
products s form the NbySn,

The application of these phenomena to practical
wire fubrieation could teke two distinct lorms. If
a continuons network of NbSn iz sufficient to meet
the raguirements for superconduetivity, nichium
particles, preferably of elongated or fine niobium
wires, may in effect be camented together by a con-
tinuous film of Nby8n. If the reaction iz operated
near 1,000 °C, the reaction time mnst be olosely
controlled in order to stop the reaction when ma-
terial containing 25 percent ¥n iz most abundant.
The amount of tin to be used in this case will be
dictated in_part by packing considerations, and
might be well below 26 pereent if tnuch of the niobium
is to remain unreactad.

If homogeneous NbgSn must be produced, a mix-
tura contalning 25 percent tin may be reacted at or
abeve 1,000 °Cluntil the core iv cornpletely converted
to NbSn and residosl liguid. This mixtore may
then suhsequently be annealed in the range 600 to
700 °C untll the peritectoid conversion to NkSn is
completa.

Probably the most significant practical result of
this inveatigation will be to clarify the fact that the
desired Nby3n phasc does not exast ab the reaction
temperatures norznally employed in producing the
supcreonducting complex, Thus, regardless of other
details of Enbrication, the atisivment of a satisfactory

superconducting structure will be directly associated
with the rate ugf: cooling from the reaction tempera-
ture; and, specifically, with the time that the
material remains in the 600 to 700 °C range.

5. Conclusions

Clurrent inveatigations of Nb—35n superconducting
materials have shown thus far that the Nb—Sn
binary alloy eyatem is much more compliented than
had reviuusﬁrs boen assumed. A new constitu-
tional diagram is proposed predicated from the
resulta thus far obtained in the current investigations,

The intermetallic componnd Nby3n, which appears
to be the desirable constituent for superconductin
%urpmm, ocours between the compounds Nb,Sn an

bySn;, which are atable to considerably highar
temperatures. At lower tempearatures, the system
iz further complicated by the formation of NuSn,

This serinuaﬂr complicates the problem of attain-
ing either a continuous body of hotmogeneous NbgSn
throughout a eonductor, or of ahtaining a controlled
type of heterogeneous structure which will give s
gontinnously interconnected network of the super-
conductor. The suceess{ul preparation of sither
type of atructure will require eritical eontrol of the
preparation and heat treatment of the material in
order to overcome the imherent difficulty in forming
the desired phase,
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the Cryogenie Engineerilll;g Saction of the NBS
Boulder Laboratories, K. B. Scott, Chief. The ad-
viee and assistance rendered by Messta. Arp, Cor-
ruceini, and Kropechot of this group iz most desply
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LEGEND

PHASE DESIGNATION® LOCATION COLOR

Nb Light Beryl Blue Plate 33;E-|

:_f_-

—

'™ e H’:i_&_] : "l'l
Nb, Sn Calamine Blue Plate 33;J-2 R

NbsSn  Orient

Nb, Sn Purple Aster

Nb,Sny ~ Burnt Sienna  Plate5;F-12 -

Sn Chrome Lemon Plate9;K-2

Impurity ~ Wistaria Plate 41;E-8 -
*See ref. 6
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Fraure 5. Fufeclic fype structure devcloped belween some free niobium and NiyBSn after reheating a speeimen
af nominal 805, Nb—209%, 8o composition quenched from 800, to aboul [ 850 °C.

The makrix is NhySn. X 1EK,

R

e

. .____ Y ¥/ : o T gisid Sl
Froure 6. Joind developed between the porous niobium bar (left) and the electron beam wmelled niobium rod
(right).

X100,
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FioURe 7.

FicURE 8,

Cross seclion of o nominal 0.004-(n. niobium wire healed for & hr al 1,000 °C in a bath of molien
tin and furnace cooled.

The niohium shell is at the right, X500

L

Interior of porous niobium bar after diffusion n a bath of molten tin for 168 hr at 1,000 °C followed
by furnace cooling.

X0,
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Fieurg 9. Inderior of porous niobium bar after diffusion in a bath of molten fin for 52 ke at 1,200 °C fol-
lowed by water quench,

W30,

Fravee 10. Exterior of niobium shell after diffusion in a bath of molten tin for & e af 1,000 °C followed
by furnaee cooling.

Ihe neodles are NhyEn, X000,
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Fioure 11. [Inierior of thermal analysiz specimen (nominal Nbs8Bng hol pressed pellel) after heating fo
f50 20 af 3 *Cfmin followed by cooling lo room temperaiure alzo al 8 °Clmin,
X0,

5

Fioune 12,  Interior of thermal analysis spectmen (nominal NbeBny ho! pressed pellef) after healing lo
1,080 °C af & °C/min fellowed by cooling to room temperalure alse af 3 °Clmin.

10,
{Paper 66A4-171)
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